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This paper deals with the possibility of partial replacement of blast furnace slag with fly ash and fly 
ash after denitrification by SNCR method in alkali-activated materials based on granulated blast 
furnace slag. The aim of this paper is to verify the effect of fly ash on properties of alkali-activated 
materials based on blast furnace granulated slag. Frost resistance and resistance to aggressive 
environments, represented by demineralized water were tested. The reference mixture was based on 
blast furnace granulated slag activated by sodium water glass with silicate modulus of 2. Mixtures 
with an ash content of 10, 20, and 30% were then compared with the reference mixture. The 
influence of the denitrification process on fly ash and its use in mixed alkali activated materials was 
also compared. As a part of the experiment, alkali-activated pastes were also prepared. Infrared 
spectroscopy with Furier transformation was subsequently determined on these pastes. The 
reference mixture achieved the highest compressive strength in the experiment and the strength 
decreased with increasing amount of fly ash.  In terms of flexural strength, the highest values were 
reached for mixtures with 10% slag replacement by fly ash. In the case of frost resistance, the 
significant increase of flexural strength, which was 50% for the reference mixture, is particularly 
interesting. For compressive strength, the frost resistance coefficient ranged from 0.95 to 1.00. In 
the case of resistance to aggressive environments, no differences were observed in the compressive 
strength, on the other hand, flexural strength decrease of up to 20% was detected for 10 and 20 
percent replacement of slag with fly ash that did not undergo denitrification. Monitored properties 
did not show any negative effect of the denitrification process on fly ash properties. Infrared 
spectroscopy identified the main hydration product in the region of 945 cm-1 which is a C-(A)-S-H 
gel and in combined mixtures with fly ash also N-A-S-H gel. 
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This paper deals with the possibility of using fly ash, including fly ash after denitrification by the SNCR method, as 
an additive to alkali-activated materials based on finely ground granulated blast furnace slag activated by sodium water 
glass with silicate modulus of 2. The effect of fly ash on strength characteristics, as well as on the frost resistance and 
on resistance to demineralized water was determined. 
1-1- Mixed Alkali-activated Materials 
Various precursors are used for alkaline activation, such as finely ground blast furnace granulated slag, fly ash, 
metakaolin and others. Each material has its advantages and disadvantages. For example, blast furnace granulated slag 
rapidly solidifies and achieves high strengths in the initial stages of maturation, but it also has the possibility of high 
shrinkage cracking. Therefore, the possibilities of reducing its disadvantages, including the use of mixed binders and 
fibers, are being explored. These efforts focus primarily on composites, where the binder and activator are dosed 
separately [1]. 
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For mixed alkali activated materials, the addition of fly ash to the slag will increase the alumina and silica content 
without increase of calcium content [2]. This addition affects the mechanism and rate of gel formation. In the case of 
slag alkali activation by the silicate solution, the gel of type C-A-S-H dominates, and in the case of fly ash alkali 
activation by the silicate solution, N-A-S-H is formed [2-7]. The combination of blast furnace slag and fly ash 
produces these products simultaneously if the amount of fly ash does not exceed 75%. If the slag content is about 50% 
or less, a hybrid gel in the form of N-(C)-A-S-H is formed, because part of the dissolved Ca is incorporated into the 
structure of the N-A-S-gel of type H, which is produced by the fly ash activation. Due to slower reactions in mixtures 
with lower content of blast furnace slag, cross-linked products are formed and denser microstructure. Using blast 
furnace slag and fly ash to form a common binder, will result in the formation of large amounts of tetracoordinated Al 
charge balanced by Na and binder gel in the hydrated Na2O - CaO - Al2O3 - SiO2 system. Final products depend on 
various factors, such as type and concentration of the activator, the amount of slag and fly ash. Alkaline activation of 
blast furnace slag and fly ash and dissolution of these products may lead to higher crosslinking of these C-A-S-H and 
N-A-S-H hydrating gels. Substitution of aluminum depends on its availability in slag or fly ash, for a mixture of slag 
and fly ash at a ratio of 1 : 1, a silicate modulus of 1.0-1.5 appears to be suitable, leading to the formation of these 
products (C-S-H and N-A-S-H) simultaneously [2]. 
When using mixed systems of blast furnace granulated slag and fly ash, the reaction rate increases with increasing 
amount of slag and with a higher dose of activator, which can complicate workability and causes a rapid change of 
consistency. A higher amount of fly ash prolongs the setting time and reduces the modulus of elasticity and 
compressive strength. At the same time, these mixtures achieve better homogeneity and the formation of microcracks 
is reduced. The development of short-term strength is mainly associated with the reactions of blast furnace granulated 
slag, while the reactions of fly ash are manifested in longer-term strength [8]. 
Ye (2018) and Ye et al. (2019) [9, 10] state that in addition to the main hydration product in alkali-activated slags 
in the form of a C-(A)-S H gel, phases of the hydrotalcite type are also formed, regardless of the chemical composition 
and source of reactants. These phases are bilayer hydroxides based on Mg-Al. Hydrotalcite plays an important role 
especially in the chemical resistance of alkali-activated materials, such as chloride penetration resistance, resistance to 
carbon dioxide penetration and resistance to sulphates [9, 10].  
Studies indicate that the hydrotalcite phases may be in the form of either plate or lath precipitates or may be 
present on a very fine scale in the internal structure of the C-A-S-H gel [9]. 
2- Experimental Part 
The basic physical-mechanical properties of alkali-activated materials based on blast-furnace granulated slag with 
the replacement of a part of the slag with fly ash in the proportions of 10, 20 and 30% were studied. This proportion 
was chosen according to Vlček (2008) study [11], where better results were achieved when replacing 20% slag with 
fly ash. 
 Silica fly ash 
Ashes from the Ostrava - Třebovice power plant were used. Silica fly ashes before (FA) and after denitrification by 
SNCR method (FAD) were used. Ground fly ash with a specific surface area of 500 m2/kg was used for the 
experiment. The content of ammonia released from the aqueous extract is 22.8 mg/kg. The oxides are given in Table 1. 
Table 1. Percentage of oxides in fly ash. 
Oxide FAD [%] FA [%] 
SiO2 56.55 54.56 
Al2O3 28.86 31.93 
Fe2O3 7.85 7.85 
CaO 3.94 4.02 
SO3 0.56 0.77 
K2O 2.45 2.59 
MgO 1.02 0.84 
 
 Blast furnace granulated slag 
Finely ground granulated blast furnace slag (BFS) of Kotouč Štramberk, LLC. SMŠ 400, with a specific surface 
area of 400 m2/kg was used for the experiment. This slag has latent hydraulic properties. The percentages of the oxides 
obtained by measurement on a fluorescence spectrometer are given in Table 2 [12]. 
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Table 2. Percentage of oxides in BFS. 
BFS 








 Activator – Sodium water glass (SWG) 
Alkaline substances that introduce into the system the alkaline environment are necessary to start the hydration 
processes of blast furnace slag. In the experiment, treated sodium water glass was used as the alkaline activator. It is a 
sodium silicate solution.  For this water glass, the silicate modulus was adjusted to a value 2 with 50% sodium 
hydroxide solution [13]. 
 Standardized sand 
Standardized sand CEN, due to ČSN EN 196-1 was used as a filler in the experiment. It is natural quartz sand, 
which consists of rounded particles and the silica content is min. 98 %, fraction 0/2 mm and moisture content less than 
0.2 % [14]. 
2-1- Preparation and Testing  
 Preparation and testing of samples 
During the experiment, samples were prepared (beams 40x40x160 mm) according to cement standards, as well as 
placement and subsequent testing was carried out according to cement standards [14-17]. 
 Determination of amorphous phase content in fly ash 
The potassium hydroxide-soluble amorphous phase was determined in the assay. The ash test portion was boiled in 
4M potassium hydroxide solution for 3 minutes, then the solution was filtered through filter paper. The filtered 
solution was neutralized with hydrochloric acid, whereby is the amorphous content of the ash precipitated by the 
reaction. This solution was again filtered through filter paper. The precipitate collected on the filter paper was 
annealed at 1000°C. On the annealed portion, the chemical composition was determined using a spectrometer [18]. 
 Mixture 
Previously tested mixture was used as reference mixture in the experimental part. It was tested in the Laboratory of 
Building Materials, FAST, VŠB - TUO in previous works [19-21]. In this mixture, a portion of the slag was replaced 
by fly ash in the proportions of 10, 20 and 30 %. 
Reference mixture:  
450   g   BFS 
1350 g   standardized sand 
100   g   H2O 
127  ml of activator – SWG 
3- Results and Discussion 
3-1- Determination of Amorphous Content in Fly Ash 
The percentage of amorphous phase in fly ash and chemical composition are shown in Tables 3 and 4. 
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Table 3. Amorphous phase content of silica fly. 
Sample Element (%) Oxides (%) Percentage of amorphous phase (%) 
FA 
Al 10.81 Al2O3 20.43 
4.58 
Si 18.68 Si2O 39.97 
K 17.15 K2O 20.71 
Cl 0.55 Si2O+Al2O3 60.40 
Table 4. Amorphous phase content of fly ash after denitrification. 
Sample Element (%) Oxides (%) Percentage of amorphous phase (%) 
FAD 
Al 8.42 Al2O3 15.91 
4.17 
Si 16.99 Si2O 36.38 
K 16.32 K2O 19.735 
Cl 0.38 Si2O+Al2O3 52.29 
3-2-  Basic Physical - Mechanical Properties 
Strengths after 28 days of aging are shown in the Figures 1 and 2. 
 
Figure 1. Compressive strength with standard deviation. 
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The highest values of compressive strengths achieved the reference mixture, with increasing replacement of the 
slag with fly ash, the compressive strength gradually decreases. When comparing the effect of the denitrification 
process by the SNCR method on the strength values of the mixture with fly ash, no negative effects of the 
denitrification process on the resulting properties of the prepared recipes were found. 
In the case of flexural strength, slightly higher strength achieved mixture with a 10% replacement of slag by fly 
ash. As the volume of the ash slag replacement increases, the strength decreases again. The initial assumption was that 
replacing 20% weight of the slag with fly ash would improve the mechanical properties. This assumption was only 
slightly reflected in the flexural strength of 10% slag replacement. 
In Abdollahnejad et al. (2020) study [22], the authors report a flexural strength of alkali-activated sodium silicate 
slag after 28 days of maturation around 10 MPa. With increasing replacement of slag by fly ash, there are then 
significant decreases in strength. Compressive strengths of alkali-activated slag mixtures achieve around 100 MPa, 
and again, with increasing replacement of slag by fly ash, the strengths decrease. Authors followed the replacement of 
standardized sand with ceramic waste. These recipes achieved higher values for 10% slag replacement with fly ash. 
With a higher replacement of slag with fly ash, there was also a decrease in strength in these mixtures. 
3-3- Frost Resistance 
The values of compressive strength, flexural strength and frost resistance coefficients after 100 cycles are given in 
Table 5. Samples were placed in the freezer after 60 days of maturation. 















Coefficient Of Frost 
Resistance (-) 
BFS 104.2±1.2 101.2±2.1 0.97 7.6±0.2 11.6±0.2 1.53 
10% FA 101.2±1.6 97.4±1.6 0.96 7.6±0.3 11.3±0.5 1.49 
20% FA 96.2±1.1 92.3±1.4 0.96 8.1±0.0 10.5±0.1 1.30 
30% FA 95.0±1.2 94.0±1.6 0.99 7.9±0.0 9.2±0.3 1.16 
10% FAD 96.5±1.1 94.3±2.0 0.98 7.2±0.2 10.5±0.3 1.46 
20% FAD 93.3±1.1 92.5±2.6 0.99 8.2±0.1 11.7±0.3 1.43 
30% FAD 95.7±1.0 92.7±1.6 0.97 8.1±0.1 10.5±0.1 1.30 
The results of the frost resistance of alkali-activated materials are interesting mainly due to the significant increase 
of flexural strength of the samples after 100 freezing cycles, when this increase compared to the reference series was 
50%. On the other hand, for compressive strengths, the resulting differences between the reference series and the 
series after 100 freezing cycles were only in MPa units, corresponding to the standard deviations. In the future, 
research will focus on identifying the possible cause of a significant increase in flexural strength after the freezing 
process. 
Shahrajabian and Behfarnia (2018) [23] tested the frost resistance of alkali-activated concretes on cubes of 
100x100x100 mm. Blast furnace granulated slag was activated with sodium hydroxide and sodium silicate in a ratio of 
3/1. The authors studied the effect of frost resistance after 90 days of maturation for 100, 200 and 300 cycles. The 
strengths after 90 days of maturation were around 45 MPa. Slight decrease in compressive strengths was detected for 
the mixtures, with a decrease of 6.14% for the reference mixture after 300 cycles. Authors primarily studied the effect 
of nano admixtures on the properties of alkali-activated materials. 
3-4- Influence of Leaching in Demineralized Water 
The values of compressive strength, flexural strength and demineralized water influence coefficients for 28 days 
are given in Table 6. Samples were placed in demineralized water after 60 days of maturation. The change of pH after 




Emerging Science Journal | Vol. 4, No. 6 
Page | 498 










Flexural  Strength  
Reference (MPA) 
Flexural Strength  
Demineralised (MPA) 
Coefficient of 
Resistance  (-) 
BFS 104.2±1.2 105.1±2.2 1.01 7.6±0.2 6.4±0.3 0.84 
10% FA 101.2±1.6 101.0±0.8 1.00 7.6±0.3 6.1±0.2 0.80 
20% FA 96.2±1.1 98.4±1.9 1.02 8.1±0.0 6.5±0.1 0.80 
30% FA 95.0±1.2 96.9±1.1 1.02 7.9±0.0 7.2±0.3 0.91 
10% FAD 96.5±1.1 98.6±1.2 1.02 7.2±0.2 6.1±0.1 0.85 
20% FAD 93.3±1.1 98.5±1.0 1.06 8.2±0.1 6.6±0.2 0.80 
30% FAD 95.7±1.0 97.0±1.7 1.01 8.1±0.1 7.8±0.6 0.96 
In determining the resistance to demineralised water, the resulting compressive strengths of comparable values 
were obtained as for the reference series as for the tested series, which was for 28 days immersed in demineralised 
water. The differences were only in the order of standard deviations. Flexural strengths of tested samples in 
demineralised water decreased of 20%. 
It is interesting that the observed properties such as frost resistance and resistance to demineralised water affect 
only the flexural strength, not the compressive strength. 




10% FA 12.84 
20% FA 12.75 
30% FA 12.66 
10% FAD 12.85 
20% FAD 12.74 
30% FAD 12.68 
4- Fourier Transform Infrared Spectroscopy (FTIR) 
The Fourier transform infrared spectroscopy (FTIR) of the prepared mixtures were determined on a Nicolet iS50 
FT-IR. FTIR tests were performed on samples that were used for calorimetry. Only binder components without 
aggregates were used. The ratio between binder, activator and water was determined according to the normal curing 
test of cement slurry, namely 500 g blast furnace slag, 141 ml activator and 35 g H2O. The FTIR results are shown in 
Figures 3 to 6. 
 
Figure 3. The result of FTIR using 100 % BFS. 
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Figure 6. The result of FTIR using a) 30 % FA b) 30 % FAD  
In the area of 3340 and 1640 cm-1, water stress (O-H) and deformation (H-OH) bands. These areas are caused by 
the presence of chemically bounded water in hydrated alkali-activated paste in different spectra. Very low intensity 
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groups, Ca(OH)2. Absorption bands around 1410 cm-1, and between 870 and 710 cm-1 correspond to O-C-O vibrations 
in carbonates. The main absorption band of the reaction products is located at around at 945 - 950 cm−1 in all mixtures, 
which is assigned to the asymmetric stretching vibration of Si-O-T (T = tetrahedral Si or Al) terminal (non-bridging) 
bonds, indicating that the main reaction product is a chain structured C–(A)–S–H type gel. The area moving around 
436 cm-1 represents bonds (Si–O–Si and O–Si–O) [2, 3, 24-27]. 
The main hydration product in the range of 945 - 950 cm-1 corresponds to both the C-(A)-S-H gel, which is formed 
by hydration of blast furnace slag, and to combined mixtures of the alkaline activation product N-A-S-H gel, for which 
fly ash-associated geopolymeric bonds are responsible. In alkali-activated materials, which are based only on blast 
furnace granulated slag or only on fly ash, these products are usually in the range of 950 - 1100 cm-1 [2, 27]. For 
mixtures with 30% fly ash, a slight peak was detected in the region of 797 cm-1, which represents Si-O-Si stretching 
bonds [26]. 
5- Conclusion 
Within the compressive strength, the highest values achieved the reference mixture (BFS). With increasing dose of 
fly ash, the compressive strength slightly decrease. Slightly higher strengths achieved fly ash after denitrification by 
SNCR. The highest flexural strength after 28 days achieved mixture with 10% replacement of blast furnace slag by fly 
ash. As the fly ash dose increased, the strengths dropped below the reference mixture (BFS). 
In the frost resistance determination, only minimal strength decreases were found within the standard deviations 
for compressive strength. The flexural strength after 100 cycles showed a significant increase in strength. For the 
reference mixtures (BFS), this increase was about 50%. In the determination of resistance to demineralised water, only 
a minimum increase in strength within standard deviations was detected for compressive strength. In the case of 
flexural strength, a maximum reduction of 20 % was observed. The lowest decreases were achieved in samples with 
30 % replacement of blast furnace slag by fly ash. 
When measuring the pH of demineralized water after 28 days of leaching, the highest pH was measured at the 
reference mixture (BFS). As the fly ash dose increased, the pH decreased. Fly ash does not influence compressive 
strength during durability properties testing. Flexural strength increase of fly ash was not found as in the reference 
mixture (BFS), but in any case, increases were observed on frost resistance where fly ash had a positive effect. For 
flexural strength in the determination of resistance to demineralised water, the lowest decreases were found in the 
mixtures with 30% fly ash, while the highest decreases were found in mixtures of 20 % fly ash and 10 % FA. 
As the strengths of the prepared mixtures did not drop by more than 25%, therefore all mixtures can be described 
as resistant to frost and demineralised water. As a result, it is possible to use fly ash after denitrification by SNCR as 
an additive to alkaline activated materials. Within the FTIR analysis, there are only minimal differences for all 
mixtures in the monitored parameter.  
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